Abstract-This study investigates the effects of nanostructure size and surface area on the rheological properties of un-cross-linked poly(propylene fumarate) (PPF) nanocomposites and the mechanical properties of cross-linked nanocomposites as a function of the nanostructure loading. Three model carbon nanostructures were examined, C 60 fullerenes, ultra-short single-walled carbon nanotubes (US-tubes) and single-walled carbon nanotubes (SWNTs). Rheological measurements showed that C 60 and US-tube un-cross-linked nanocomposites exhibited viscous-like characteristics with the complex viscosity independent of frequency for nanostructure concentrations up to 1 wt%. Compressive and flexural mechanical testing demonstrated significant mechanical reinforcement of US-tube and SWNT nanocomposites as compared to cross-linked polymer alone, with an up to twofold increase in the mechanical properties. Scanning electron microscopy examination of the fracture surface of cross-linked US-tube nanocomposite revealed lack of aggregation of US-tubes. Although sol fraction studies did not provide any evidence of additional cross-linking, due to the presence of US-tubes in the nanocomposites, transmission electron microscopy studies suggested the crystallization of PPF on the surface of US-tubes which can contribute to the mechanical reinforcement of the US-tube nanocomposites. These results demonstrate that the rheological properties of un-cross-linked nanocomposites depend mainly on the carbon nanostructure size, whereas the mechanical properties of the cross-linked nanocomposites are dependent on the carbon nanostructure surface area. The data also suggest that US-tube nanocomposites are suitable for further consideration as injectable scaffolds for bone tissue engineering applications. * To whom correspondence should be addressed at the Department of Bioengineering. 
INTRODUCTION
The emergence of nanotechnology has stimulated significant interest in developing improved bone replacements from a nanoscale approach [1] . Carbon nanostructures, such as single-walled carbon nanotubes (SWNTs), ultra-short singlewalled carbon nanotubes (US-tubes) and fullerenes (C 60 ), have been proposed as ideal building blocks for the next generation of biomaterials [2 -8] . Our laboratory is interested in developing injectable in situ cross-linkable carbon nanostructurebased nanocomposites of poly(propylene fumarate) (PPF) with enhanced mechanical properties suitable for bone tissue engineering applications [2] . We recently examined the rheological behavior of SWNT dispersions in un-cross-linked PPF and the mechanical properties of nanocomposites of cross-linked PPF with SWNTs as a function of the SWNT concentration [2] . Although that study showed that SWNT nanocomposites exhibited enhanced mechanical properties compared to the PPF polymer, dispersion of SWNTs in the polymer matrix remained a major challenge because synthesized SWNTs usually existed as bundled ropes of many individual nanotubes and also showed a propensity to aggregate into micron-sized agglomerates. That study suggested that a better SWNT dispersion consisting of smaller sized ropes or individual nanotubes in PPF may be more desirable for fabrication of strong nanocomposites.
In this study, nanocomposites of PPF reinforced with three carbon nanostructures (SWNTs, US-tubes and C 60 ; Fig. 1 ) were fabricated and the nanostructure size and surface area effects on the rheological properties of un-cross-linked PPF dispersions and the mechanical properties of cross-linked nanocomposites of PPF were investigated as a function of the nanostructure concentration.
MATERIALS AND METHODS

Materials
Diethyl fumarate, hydroquinone, fumaric acid, acryloyl chloride, triethylamine, benzoyl peroxide (BP) and N ,N -dimethyl-p-toluidine (DMT) were purchased from Sigma-Aldrich (St Louis, MO, USA). Propylene glycol, zinc chloride, propylene oxide, pyridine, hydrochloric acid, sodium hydroxide, and sodium sulfate were purchased from Fisher-Acros (Fair Lawn, NJ, USA). C 60 (purity > 99.5%) was purchased from Materials and Electrochemical Research (Tucson, AZ, USA). Purified high-pressure CO converted (HiPco) SWNTs (iron content approx. 2%) were obtained from Carbon Nanotechnologies (Houston, TX, USA). All organic solvents were of reagent grade and were used as received. 
Synthesis
PPF and propylene fumarate-diacrylate (PF-DA) were synthesized as previously described [9, 10] . The polymer structures were confirmed by 1 H-NMR and the molecular masses were measured by gel-permeation chromatography (GPC). A calibration curve generated from polystyrene standards (Fluka, Switzerland) with peak molecular masses ranging from 0.374 to 28 kDa was used to determine PPF molecular masses. The PPF used for this study had a number average molecular mass of 1.6 kDa and a weight average molecular mass of 3.5 kDa. PF-DA had a molecular mass of 340 Da.
US-tubes were synthesized by fluorination (100 • C for 2 h and at a He/F 2 ratio of 99:1) followed by pyrolysis (1000
• C under Ar, 1 h) of as-received SWNTs [11] . This procedure resulted in cut SWNTs with lengths ranging mainly between 20 and 80 nm. As-received bulk solid C 60 was hand-grinded in an agate mortar prior to use for the different experiments.
Surface area analysis
The surface areas of the carbon nanostructures were measured at 77 K with a Micromeritics ASAP 2010 Brunauer-Emmett-Teller (BET) surface analysis instrument (Micromeritics, Norcross, GA, USA) using N 2 as adsorption gas. Measurements were repeated three times for each sample and the average of the three measurements was reported.
Nanocomposite preparation
The nanocomposite samples were prepared as previously described [2] . Briefly, PPF and PF-DA were mixed in chloroform at a mass ratio of 1:2.08. Carbon nanostructure samples were first dispersed in chloroform by high-shear mixing for 5 min and sonicating for 15 min, then added into the PPF/PF-DA mixture at concentrations of 0-2.0 wt%. Prior to sample testing, chloroform was removed under reduced pressure, followed by drying.
Rheological testing
Rheological measurements were performed with an AR1000 rheometer (TA Instruments, New Castle, DE, USA) in an oscillatory shear mode at 25
• C. Un-cross-linked polymer melt and nanocomposite melt samples were placed between a base plate and a cone geometry (60 mm diameter, 59 min cone angle, and 26 µm truncation). Each sample was examined as a function of the oscillatory strain frequency (ω) of 0.001-30 Hz using 0.01-0.1 strain amplitude and the complex viscosity magnitude (|η * |), storage modulus (G ) and loss modulus (G ) were recorded. The 0.01-0.1 strain amplitude was chosen based on our previous work with SWNT nanocomposites [2] which allowed for rheological measurement in the linear dynamic range. For the nanocomposite melts, the strain amplitude used was at the low end of the reported range, while for the un-cross-linked polymer melt, the high end of the strain amplitude reported was employed. The viscous PPF polymer maintained the dispersion of carbon nanostructures within the polymer. Neither phase separation nor viscosity change (for a constant strain frequency) was observed during rheological analysis. For the SWNT nanocomposites, rheological measurements were performed only up to 0.2 wt%, since our previous studies [2, 12] already confirmed that solid like behavior commences at very low SWNT weight percentages (0.05-0.2 wt%).
Thermal cross-linking and specimen fabrication
The thermal cross-linking reaction of a nanocomposite formulation was triggered by the addition of 1 wt% BP (free radical initiator) and 0.15 wt% DMT (accelerator). BP was dissolved in diethyl fumarate at a concentration of 0.1 g/ml, and added into the mixture followed by the addition of DMT under vigorous stirring to initiate the polymerization. The polymeric mixture was filled into cylindrical glass vials 6.5 mm in diameter and 40 mm in length for compressive testing or injected into cylindrical glass tubes 3 mm in diameter and 150 mm in length for flexural testing. Both specimens were centrifuged at 721×g for 5 min to remove any air bubbles and then cured at 60
• C for 24 h. The specimens were recovered by breaking the glass container and then cutting the specimens to the proper lengths with a diamond saw (Model 650, South Bay Technology, San Clemente, CA, USA). For compressive testing specimens, the length was twice their diameter (approx. 6.5 mm diameter and 13 mm length) and the two ends were flat and perpendicular to their long axis. The flexural testing specimens had dimensions of roughly 3 mm diameter and 60 mm length.
Mechanical testing
Compressive and flexural mechanical testing experiments were conducted at room temperature using an 858 Material Testing System mechanical testing machine (MTS Systems, Eden Prairie, MN, USA). Five specimens were tested for each group (n = 5).
American Society of Testing Materials (ASTM) Standard D695-02a was followed for the compressive testing. The prepared cylindrical specimens were compressed along their long axis until failure occurred, and the force and displacement were recorded throughout the compression. Stress and strain curves were generated based on the initial specimen dimensions. The slope of the initial linear portion of the curve gave the compressive modulus and a line drawn parallel to the slope defining the modulus, beginning at 1.0% strain (offset) gave the offset compressive yield strength (the stress at which the stress-strain curve intersected the line).
ASTM Standard D790-03 was followed for the flexural testing. The testing specimens were placed on a three-point bending apparatus with two supports spanning 40 mm from each other. A loading nose was loaded midway between the supports until the specimen failed. The recorded force and displacement were converted to a stress-strain curve and the flexural modulus was calculated from the stress-strain curve using methods similar to those used for compressive testing. The flexural strength was defined as the maximum stress carried by the specimen during the flexural testing.
Sol fraction study
The un-cross-linked polymer fraction of nanocomposites loaded with US-tubes was assessed from sol fraction studies. An approximately 0.5 g sample was weighed (accuracy of W i = 0.001 g) into a vial with 20 ml of methylene chloride. Next the vial was sealed and placed on a shaker table (80 rpm) at room temperature for seven days. The solid sample was then filtered with a weighed filter paper (W p ). The retained material on the filter paper was dried at 60
• C for 1 h and kept at room temperature for another 1 h and then weighed again (W p+s ). The sol fraction was calculated using the following equation for each group (n = 5):
Scanning electron microscopy (SEM)
SEM imaging was carried out on a Jeol 6500F scanning electron microscope (Jeol, Peabody, MA, USA) at an accelerating voltage of 15 kV. Fracture surfaces of tested specimens from mechanical testing were sputter coated with gold prior to SEM imaging.
Transmission electron microscopy (TEM)
Cross-linked nanocomposite samples were sectioned to thin specimens (50-100 nm in thickness) using a Leica Ultracut microtome (Leica, Vienna, Austria). Specimens were then mounted on a copper grid coated with amorphous carbon-holey film. A few drops of methylene chloride were added on the nanocomposite loaded holey carbon film sample and dried to view the carbon nanostructure-polymer interface. TEM imaging was carried out on a Jeol 2000 FX electron microscope operating at 200 kV. TEM analysis included conventional, high-resolution TEM imaging and selected area electron diffraction (SAED).
Statistical analysis
The data from mechanical testing and sol fraction measurements were expressed as means ± standard deviation for n = 5 for each sample group. Single-factor analysis of variance (ANOVA) was performed to assess the statistical significance within a data set. If the ANOVA test detected significance, Tukey's 'Honestly Significantly Different' (HSD) multiple-comparison test was used to determine the effects of the parameters examined. All comparisons were conducted at a 95% confidence interval (P < 0.05).
RESULTS AND DISCUSSION
Carbon nanostructure surface area, size and aspect ratio characteristics
The measured BET surface area of the US-tubes was 1023 m 2 /g, which is approximately double that of pristine SWNT (575 m 2 /g) and approximately four orders of magnitude that of C 60 (0.15 m 2 /g) ( Table 1) . These values are within the range of previous results in the literature [7] . This increased surface area for US-tubes may arise from the greater access to the interior hollow space of the SWNTs due to sidewall defects (and possibly end opening) during the fluorination/pyrolysis procedure [7, 11] . Such defects allow small molecules such as N 2 used for BET surface area measurements to efficiently enter the interior space of the US-tubes. It may seem counterintuitive to note that C 60 which has the smallest size (0.7 nm) among the Values are means ± standard deviation for n = 3. carbon nanostructures should have such a low surface area. This discrepancy is likely due to the existence of the grinded solid C 60 as a soft crystal nanoparticle of approx. 20 nm size [13] . This crystal structure of these C 60 nanoparticles probably prevents the access of the N 2 to all of the C 60 surfaces. Our surface area data match previous results reported by Mackeyev et al. [7] . Figure 1 depicts the dimensions of C 60 , US-tubes and SWNTs. The trends in size, surface area and aspect ratio characteristics of these three carbon nanostructures are summarized in Table 2 . In general, the size (that is the diameter in case of C 60 and length in case of US-tubes and SWNTs) and aspect ratio of the carbon nanostructures decrease in the order of SWNT > US-tube > C 60 . However, C 60 used in this study has the smallest surface area, while US-tubes have the largest one.
Carbon-nanostructure dispersion and melt-state rheology
The linear dynamic oscillatory shear viscoelastic response for the un-cross-linked polymer and the un-cross-linked nanocomposites with varying concentrations of C 60 , SWNTs and US-tubes is shown in Fig. 2 . Table 3 reports the low-frequency power law exponents for G and |η * | of these nanocomposites. While the elastic modulus of C 60 and US-tube nanocomposites maintained viscous liquid-like behavior at all formulations (G ∝ ω ∼2 ), the SWNT nanocomposites abruptly changed to solid-like behavior (G ∝ ω ∼0 ) at 0.2 wt% SWNT loading. This implies that US-tube and C 60 nanocomposites (up to 1 wt% loading) show lower viscosity than SWNT nanocomposites. The higher size and aspect ratio of the SWNTs lead to their entanglement when their concentrations are higher than the geometrical percolation threshold [2, 12] , thus contributing to increased viscosities. A decrease in size and aspect ratio may lead to reduced entanglement and consequently lower viscosity. Both US-tubes and C 60 have smaller sizes and aspect ratios than SWNTs. Thus, size and aspect ratio of the carbon nanostructures appear to be more important parameters than surface area for lower viscosity and, hence, good injectability.
Mechanical testing
The mechanical properties of the cross-linked nanocomposites at varying carbon nanostructure concentrations are presented in Fig. 3 . C 60 nanocomposites show little difference in mechanical properties compared to plain PPF. For example, only the 0.2 wt% C 60 nanocomposite showed a significant increase of 26% in compressive modulus compared to plain PPF. The SWNTs reinforced the mechanical properties of the polymer in a qualitatively manner similar to previous results [2] . The mechanical properties measured in this study are higher than those of the previous study [13] . However, no direct comparisons can be made because different curing temperatures were used to crosslink the nanocomposites. A higher curing temperature increases thermal crosslinking thus resulting in higher mechanical properties. A curing temperature of 60
• C was used in the study to ensure cross-linking of all test groups, because the C 60 nanocomposites did not cross-link at 37
• C. US-tube nanocomposites showed the best mechanical enhancement effects. Unlike SWNT nanocomposites, the mechanical properties for US-tube nanocomposites peaked at higher concentrations (0.5 wt%). Significant enhancements in compressive and flexural mechanical properties (up to 200%) were observed compared to the pure polymer. The mechanical properties of US-tube nanocomposites were also higher than those for SWNT and C 60 nanocomposites.
Taken together, the mechanical properties for the three carbon nanostructure nanocomposites imply that US-tubes and SWNTs contribute to better mechanical (e) (f) reinforcement than C 60 . C 60 has a significantly lower surface area than both SWNTs and US-tubes. Larger surface area leads to better load transfer from polymer to nanostructures and hence better mechanical properties. Thus, surface area of carbon nanosctructures may be a more important parameter than size for mechanical reinforcement. Additionally, the fibril-like morphology of the SWNTs and US-tubes may also be contributing to the improved mechanical properties of the nanocomposites. 
Sol fraction
Sol fraction analysis was performed on the US-tube nanocomposites to verify whether the observed enhanced mechanical reinforcement resulted from higher cross-linking density and, hence, effective load transfer. The chemical cutting procedure employed to synthesize the US-tubes gives rise to a number of defect sites. These defect sites can be easily be oxidized by atmospheric O 2 and introduce carboxy or hydroxy functional groups [14] . These functional groups may then, in turn, interact chemically with the polymer and increase the cross-linking density of the polymer. A sol fraction analysis is an accepted method to assess cross-linking densities in PPF-based networks [2, 12, 15] . The sol fractions measured for the different US-tube nanocomposites varied from 0.13 ± 0.02 to 0.18 ± 0.07 and no significant difference was found amongst these different samples (data not shown). These results are similar to the sol fraction values obtained with pristine SWNT nanocomposites [2] , but different from functionalized SWNT nanocomposites which showed increase in cross-linking density with SWNT concentration [12] . These results indicate that US-tubes do not significantly change the PPF cross-linking density. Thus, the observed mechanical reinforcement cannot be attributed to changes in crosslinking density and maybe is due to other attributes, such as increased US-tubepolymer interfacial area. Figure 4 shows the fracture surface of 0.5 wt% and 2 wt% US-tube nanocomposite with US-tubes broken and/or pulled out of the polymer matrix and covered by polymer. SEM images further confirmed that US-tubes were well-dispersed in the cross-linked polymer matrix. The symbol * indicates a significant difference compared to the cross-linked PPF (P < 0.05) and the symbol * * indicates a significant difference between two nanocomposite types (P < 0.05).
SEM and TEM
TEM analysis was also used to reveal the nature of the interface for US-tube and SWNT nanocomposites as the surface area of the carbon nanostructure appeared to play a fundamental role in the reinforcement mechanism. TEM analysis included conventional and high-resolution TEM imaging and selected-area electron diffraction (SAED). TEM studies were performed with caution to minimize the effect of heating and irradiation influence by the electron beam on the specimens. No solvent dissipation process was observed. Figure 5 presents the TEM images of 0.2 wt% US-tube and SWNT nanocomposites. The images show a thin coating of the cross-linked polymer over the carbon nanostructure surfaces. The SAED patterns (shown in insets), taken at the same area as the images, display spot diffraction patterns indicating crystallinity at the nanotube-polymer interface. The images suggest that PPF crystallizes on the surface of both pristine SWNTs, as well as US-tubes, implying that PPF can crystallize on both smooth and defect-induced carbon nanotube surfaces. 
CONCLUSIONS
Carbon nanostructures (SWNTs, US-tubes and C 60 ) of varying size, aspect ratio and surface area were dispersed in PPF to investigate the effect of their size, aspect ratio and surface area on the dispersion and mechanical properties of carbon nanostructure reinforced PPF nanocomposites. Dispersions of US-tubes and C 60 in un-cross-linked PPF showed lower viscosity than those of SWNTs (up to 1 wt% concentration) suggesting that size of a carbon nanostructure is more important parameter than surface area for achieving lower viscosities and, hence, good injectability. US-tubes and SWNTs, with higher aspect ratios and larger surface areas than C 60 , showed better mechanical reinforcement than C 60 , with US-tube nanocomposites having compressive and flexural mechanical properties more than double those of the cross-linked polymer. Thus, the aspect ratio and surface area of a carbon nanostructure rather than its size influences the mechanical properties of nanocomposites. Finally, this study demonstrates that US-tubes are suitable nanomaterials for achieving excellent dispersion, as well as strong mechanical reinforcement.
